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ABSTRACT Light-Duty Electric Vehicle (LDEV) with a distributed drive powertrain provides several
potential advantages in terms of flexibility, controllability and responsiveness over conventional powertrains.
The precise distribution of driving and braking torque of such configuration is crucially vital for improving
the overall performance and efficiency of the vehicles. This paper proposes a new torque allocation (TA)
model emphasizing the wheel load variation due to the passenger occupancy payload. A light-duty vehicle
model is developed along with the occupancy payload arrangement and a dynamic tire-road friction estima-
tion method for the control system for wheel slip. This proposed TA algorithm uses offline optimization to
derive the necessary transmissible torque to the driving wheels. Unlike conventional optimization, it adopts
a set of predefined distribution coefficients. Therefore it can execute in a real time platform without high
computation power and additional hardware requirements. The efficiency of the model is analyzed using
Indian Urban Drive Cycle (IN-UDC). A comparative analysis using a traditional torque allocation model
highlights the contributions of this novel torque allocation. The results obtained from various simulations
demonstrate the effectiveness of the proposed new TA algorithm.

INDEX TERMS Electric vehicle (EV), Indian urban drive cycle (IN-UDC), light duty electric
vehicle (LDEV), torque allocation (TA).

I. INTRODUCTION
With the ever-increasing fuel crisis, thriving environmental
consciousness and adverse effects of climate change, various
automotive industries are taking more remarkable initiatives
to develop eco-friendly vehicles that reduce the global carbon
footprint [1]. As an outcome, Electric Vehicles (EV) have
accelerated to fulfil these requirements worldwide. Mean-
while, the advancement of motor technology opened up sev-
eral new possibilities to improve the existing EV powertrain
concepts. The hybridization of EV powertrain configurations
leads to new variances and possibilities that allow research
in several new directions. Distributed drive-train is one kind
of powertrain hybridization that has been evolving in recent
years. This concept becomes widely popular in modern-day
research and industrial perspectives. In a distributed drive
powertrain configuration, the motors are attached to the
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wheels independently [2], [3]. Therefore, it offersmuch better
design flexibility, controllability, responsiveness, safety and
provides more opportunities to improve the control method-
ologies [4], [5]. Furthermore, the over-actuation features of a
distributed drive train provides diverse control technologies
such as Anti-Lock Braking System (ABS), Acceleration Slip
Regulation (ASR)and Advanced Driver Assistance System
(ADAS) [6]. Quite a few research works are available that
deals with general studies on distributed drive EVs. The
majority of the works are focused on improving dynamic
performance and overall powertrain efficiency. It is worth
mentioning that these improvements are mostly related to
the torque allocation (TA) strategies. There are two TA
strategies categories: (i) the equal torque distribution strategy
and (ii) the real-time torque distribution strategy [7]. The
former strategy dispatched the total torque evenly to each
driving wheel. Therefore it intuitively represents a scenario
in which all the driving wheels work in very similar dynam-
ics and somehow resemble a generic motor. This approach
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essentially serves as a benchmark to assess the performance
of the real-time torque distribution strategy in which torque
distribution is non-uniform. In comparison, the real-time
torque distribution strategy is more complicated in critical
traffic conditions. Therefore, it is essential to investigate some
adaptive control strategy that deals with the road-tire interac-
tions to ensure better stability and driving comfort. Moreover,
there have been significant opportunities to develop an effi-
cient TA scheme for distributed drive-train configuration that
helps to improve the vehicle energy economy shortly [8], [9].

A passenger vehicle comprises several components dis-
tributed within its exterior envelope. Therefore all the vehi-
cle masses can resemble a payload located at its Center of
Gravity (CG) [10]. The position of CG ideally is located
where the longitudinal and lateral axis of a vehicle intersect
with each other. However, in a practical vehicle, the location
of CG may be deviated from its ideal location due to the
asymmetric distribution of sprung mass. The deviation of CG
becomesmore significant if the vehicle curbmass is low, such
as in a Light-Duty Electric Vehicle (LDEV).The sprung mass
of a passenger vehicle is contributed by passenger or cargo
weight. Therefore the position of CG in the case of LDEV,
may significantly be influenced by the passenger or cargo
payload [11]. The deviation of CG for its ideal location is
proportional to that of the passenger to curb weight ratio of
a vehicle. Table. 1 lists the passenger to curb weight ratio of
some commercially available vehicles. As a result of the CG
shift, the reaction force experienced by each driving wheel
changes drastically. Consequently, the position of CG signif-
icantly influences the torque responsible for the longitudinal
movement of the vehicle. Therefore, analysis of the torque
allocation (TA) model relying on the occupancy or cargo
payload is crucial for improving of overall vehicle efficiency.
Moreover, to ensure the higher efficiency of an LDEV, it is
indispensable to search for a new TA method that reduces the
motor power loss by precisely allocating the driving torque
among the wheels [12].

TA strategies in the literature discussed the improvement
of EV efficiency. Table. 2 summarises few investigations
of the existing literature. Suzuki et al. developed a force
distribution strategy to minimize tire energy loss to improve
total drive efficiency [13]. Although effective, the practical
implementation of this strategy requires more advanced tyre
state estimators. Wang et al. developed an optimal torque
allocation strategy without analyzing the torque distribution
as a function of vehicle speed and torque demand [14].
The approach is also limited to some specific powertrain
configurations.

Fujimoto and Harada proposed a driving and braking
force distribution based on slip ratio and motor loss calcula-
tions [15]. Despite having several advantages, their approach
lacks in providing the results of high-speed operations.
Furthermore, the proposed strategies in [1], [16], and [17] are
found efficient and straightforward compared to torque-fill
control for multi-speed transmission systems adopted in [9].

TABLE 1. Passenger to Curb Weight Ratio (PCWR) of commercial
available LDEVs (average weight of a passenger is considered 70 kg).

Zhang et al. proposed a robust control scheme to improve the
lateral stability of a four in-wheel drive vehicle. They have
achieved high precision reference tracking and guaranteed
smooth control action by adopting a robust sliding mode con-
troller [18]. Wang et al. presented the comprehensive exper-
imental performance and energy efficiency characterizations
of an independent-wheel-drive electric-ground-vehicle. Their
work greatly improved the operational energy efficiency by
utilizing actuation flexibility [14]. Same group presented a
synthesized control allocation of sliding mode control (SMC)
and adaptive energy-efficient control to achieve optimal
energy efficiency of an electric ground vehicle [16], [19].
Within the aforementioned approaches, a few performs rea-
sonably well under certain constraints. However few dynamic
parameters such as vehicle centripetal force and passenger
payload is ignored in the optimal solution. In addition to
that, some of the existing methods avoid the discussions of
the strategies that either consider the comprehensive model
for wheel torque distribution or algorithm that can be easily
implemented for real-time applications. Considering these
limitations, in this work, we have addressed a simple, tunable
and effective solution for TA design that improves the overall
vehicle efficiency.

In contrast to the work cited above, the novelty of the
presented work lies in developing a new TA model that
considers passenger occupancy payload, road-tire interac-
tion and vehicle dynamics. This work focuses on an LDEV
with a rear wheel distributed drive powertrain. This pow-
ertrain configuration provides flexibility to improve drive
efficiency under various operating conditions. The proposed
TA algorithm uses an offline optimization process to develop
the necessary transmissible torque for each driving wheel.
The discontinuous optimization problem adopts the Genetic
algorithm, which does not rely on hypothetically predicted
initial values. Unlike the conventional optimization method,
the proposed TA is set with predefined distribution coeffi-
cients. In practice, the proposed TA may can be embedded in
the LDEV controller in the form of a look-up table. Hence
it can execute in a real-time platform without the require-
ment of high processing power and additional hardware units.
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TABLE 2. Summary of EV TA strategies.

The efficiency of the LDEV is analyzed using Indian Urban
Drive Cycle (IN-UDC).

The rest of the article is organized as follows. Section. II
describes the vehicle structure and passenger payload model
and brief introduction of motor, battery and tire model. Then
Section. III presents the torque allocation system design.
Section. IV discusses the slip control method presented in
work. The simulation model is presented in Section. V.
Section. VI discusses the results obtained and finally in
Section. VII, the main conclusions and key findings distinc-
tive from previous studies are presented.

II. SYSTEM MODELLING
A. VEHICLE STRUCTURE AND OCCUPANCY
PAYLOAD MODEL
The geometry of the proposed vehicle is shown in Fig. 1(a)
and the major dimensions are tabulated in Table. 3. Fig. 1(b)
presents the seat locations along with the chassis geometry.
The ideal position of CG is considered at (0,0), the point
which is symmetrical about the longitudinal and lateral cen-
tre plane of the vehicle. Then a set of possible occupancy
combinations are assumed for detailed theoretical analysis
illustrated in Fig. 1(c). Accordingly the shift of CG for
the assumed combinations are plotted concerning the ideal
location (0,0) in Fig. 1(d). The shift of CG results in an
uneven distribution of reaction forces experienced by each
wheel of the vehicle. It is worthnoting that the distribution
ratio of the wheel reaction forces is inversely proportional to
that of the curb mass of the vehicle. Hence, the significance
of the presented analysis is more noteworthy in the case of
LDEVs. The reaction force (or normal force) experienced by
each wheel can be obtained by defining the position of CG
using Eq. 1.

X =

∑
mpxp

M +
∑
mp
; Y =

∑
mpyp

M +
∑
mp
; (1)

FIGURE 1. (a) Distributed drive EV architecture, (b) Seating geometry of
the proposed vehicle, (c) Occupancy payload combinations assumed for
this analysis where encircled dots represent the occupied positions,
(d) Shift of CG due to the occupancy payload combinations.

TABLE 3. Vehicle dimensions.

Here X and Y are the lateral and longitudinal position
coordinates of the CG, m mass of individual passenger or
cargo, p number of passenger and M mass of the vehicle.
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The reaction force exerted on each wheel of a symmetric
vehicle can be given as in [10]

FZij =
1
2
FZ0 ±1FZ (2)

Here FZij: wheel reaction force, i: 1 for the front, i: 2 for
the rear, j: 1 for left, j: 2 for right, FZ0: wheel reaction force
of the unloaded vehicle, 1Fz: change in wheel load due to
the shift of CG. The ± operation depends on the quadrants
across which the direction of CG shifted. The quadrants are
indicated as A, B, C and D as shown in Fig. 1(d). The 1FZ
could also be due to other asymmetric reasons such as engine
torque, acceleration and road irregularities. However in this
work, we have ignored the other reasons for the ease of analy-
sis. Here we have considered both static and dynamic states of
the vehicle. The vehicle is parked over different road surfaces
in static conditions and accelerates in dynamic conditions.
In both cases, the wheel reaction forces determine CG shift
due to the passenger occupancy combinations. Accordingly,
the necessary tractive efforts are evaluated for the TA design.

In static condition the vehicle is parked on a level road.
In such a situation, the wheel reaction force experienced by
the driving wheels can be defined by Eq. 3 [10].

FZij = Mg
l/2
l
b/2
b
=

1
4
Mg (3)

Here, g-acceleration due to gravity, l-wheel-base,
b-track-width. It is seen that the reaction force will be shared
uniformly among the four wheels, if the vehicle weight
distribution is uniform. However, in a practical scenario,
the position of CG will be located over a region neighbour-
hood of the coordinate (0, 0) which can be defined by (X ,Y ).
Now we can modify Eq. 3 as:

FZsij =
1
4
Mg

( l2 ± X )

l

( b2 ± Y )

b
(4)

In the following case, if the car is speeding with accelera-
tion a on the level pavement then, the reaction forces experi-
enced by rear wheels to be increased. Therefore, an additional
term will be added to Eq. 4 to complete the analytical model.
This has been indicated by FZdij and can be derived as:

FZdij =
1
4
Mg

( l2 ± X )

l

( b2 ± Y )

b
ha
lg

(5)

Thus the total force on each rear wheel is the summation of
the static and dynamic component force under the influence
of the passenger occupancy or cargo in Eq. 6.

FZij = FZsij + FZdij =
1
4
Mg

( l2 ± X )

l

( b2 ± Y )

b
(1+

ha
lg

) (6)

where, h: denotes the height of the CG. Eq. 6 describes the
static and dynamic model of the wheel reaction force under
the influence of the passenger occupancy or cargo.

Now if the vehicle is accelerating over a banked road [20]
with slope β, then the reaction force of the rear wheel can be

given as:

FZij =
1
4
Mg

( l2 ± X )

l

( b2 ± Y )

b
(cosβ −

h
b
sinβ +

ha
lg

) (7)

FZij =
1
4
Mg

( l2 ± X )

l

( b2 ± Y )

b
(cosβ +

h
b
sinβ +

ha
lg

) (8)

Next, we have to consider the car that is accelerating over
an inclined surface. This condition increases the wheel reac-
tion force experienced by each rear wheel. Subsequently the
reaction force experienced by each front wheel will decrease.
The change of the wheel reaction force is a function of the
road grade angle θ and the acceleration a. In the inclined sur-
face, we have ignored the analysis of a static vehicle because
the probability of a car parked over an inclined surface is very
rare in general. The wheel reaction forces due to the influence
of road inclination can be given as:

FZij =
1
4
Mg

( l2 ± X )

l

( b2 ± Y )

b
(cosθ −

h
l
sinθ −

ha
lg

) (9)

FZij =
1
4
Mg

( l2 ± X )

l

( b2 ± Y )

b
(cosθ +

h
l
sinθ +

ha
lg

) (10)

The analysis over the road surface having crest and dip is
also essential for off-road driving conditions. The crest is an
outward curvature, and the dip is an inward curvature of a
road surface. These occur due to road deformities or under
the influence of speed breakers or due to some similar obsta-
cles. Such deformities have a significant effect on the wheel
reaction force. When a vehicle moves over a crest surface
or a convex curve, the wheel reaction force will decrease
compared to the force over a flat surface. This condition is
due to the development of the centrifugal force in the vertical
direction. If we consider a crest with a radius of curvature rc,
then the wheel reaction force can be derived by Eq. 9 and
Eq. 10 as:

FZij =
1
4
Mg

( l2 ± X )

l

( b2 ± Y )

b
(cosθ −

h
l
sinθ −

ha
lg

)− FZc

(11)

Here FZc is the inward centrifugal force developed along
the z-direction which can be expressed as:

FZc =
1
4
M
v2

rc

( l2 ± X )

l

( b2 ± Y )

b
(12)

The Eq. 11 represents the wheel reaction force of the front
wheel of a cresting vehicle. The wheel reaction force of the
rear wheel can be represented by:

FZij =
1
4
Mg

( l2 ± X )

l

( b2 ± Y )

b
(cosθ −

h
l
sinθ +

ha
lg

)− FZc

(13)

Now if the vehicle moves over a concave surface or a dip
inward curvature, then the wheel reaction force will increase
due to the development of centrifugal force opposite to the
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vertical direction. FZd represents the additional force for dip
surface with a radius of curvature rd in [10]

FZd =
1
4
M
v2

rd

( l2 ± X )

l

( b2 ± Y )

b
(14)

Then the expression that represents the wheel reaction
force of a dipping vehicle can be written as:

FZij =
1
4
Mg(

( l2 ± X )

l

( b2 ± Y )

b
cosθ −

h
l
sinθ )−Ma

h
l
+ FZd

(15)

FZij =
1
4
Mg(

( l2 ± X )

l

( b2 ± Y )

b
cosθ −

h
l
sinθ )+Ma

h
l
+ FZd

(16)

Eq. 15 and Eq. 16 represents the reaction force experienced
by front and rear pair of wheels on a dip surface.

To develop the proposed model, a comprehensive study of
the vehicle longitudinal dynamics is essential. Therefore we
have considered the total driving force requirements during a
longitudinal acceleration of a vehicle that is derived in Eq. 17.

FTx = CrrFZ + FZ sinφ + FZamax + Fdrag (17)

where the first term represents the rolling resistance force and
Crr -rolling friction coefficient, the second term represents
grade force and φ-grade angle, the third term represents
the acceleration force and amax-maximum acceleration of
the LDEV and last term represents the aerodynamic drag
force [21]. Here, and. In this analysis, twelve different passen-
ger payload combinations are assumed to derive the tractive
effort where the driver seat S0 is always occupied except
for the no loading condition. The rest of the four seats are
occupied in a sequence presented in Fig. 1(c).

In the proposed EV model, the driving wheels are the rear
wheels and the front wheels are passive wheels. Hence the
longitudinal tractive torque is shared equally by two wheels
in the absence of passenger or cargo. Therefore each driving
torque can be expressed in Eq. 18.

Txi =
1
2
FTx × r (18)

where r indicate the wheel’s rolling radius, i = 1, 2 for the
rear left and rear right wheel. The tractive torque of both rear
wheels under the influence of the six payloads mentioned
above is presented in Fig. 2. Here, out of the twelve possible
combinations, six most widely occurred occupancy instances
are used those are numbered as 4, 5, 6, 10, 11 and 12 in
Fig. 1(c). Fig. 2 evinces the uneven torque experience among
the driving wheels due to the effect of passenger payload
variations. This essentially require a TA model to deal with
the torque non-uniformity.

B. ELECTRIC MOTOR
In the proposed LDEV, each rear wheel is independently
equipped with the DC motor through a reduction gear. This
configuration is widely accepted in distributed powertrain
design. The DC motor acquires its popularity due to several

FIGURE 2. Tractive torque under the influence of few occupancy payload
combinations mentioned in Fig. 1(c).

merits such as simple control, wide speed-torque range, lin-
earity among speed-torque and applied voltage, compact size
and high power efficiency [22]. It is a well-known fact that
the induction motor (IM) or Brush-Less-DC motors (BLDC)
have some superior advantages compared to DC motors in
terms of power density and maintenance. However, the low
and medium power propulsion applications (e.g. Neighbour-
hood Electric Vehicle (NEV)), the DC motors are still pop-
ular because of their technical maturity, simple control and
cost-effectiveness [23]. Moreover, the complicated control
strategies in IM or BLDC motors make the control system
more expensive than the DCmotors. Therefore, for analytical
simplicity, we have adopted DC motor in this work. The DC
motor model is described by Eq. 19.

E = Rai+ La
di
dt
+ Eb (19)

where E- applied voltage, i-motor current, Ra- Armature
resistance, La- Armature inductance and Eb- Back emf con-
stant. The other parameters can be defined as

Eb = Kbωm (20)

Tm = Kt i (21)

Moreover, the motor voltage and current is always
limited to

E ≤ Emax , i ≤ imax (22)

The motor power is a function of the output torque, speed
and motor efficiency during driving, thus yields

Pm =
πTmωm
30η

(23)

Here Pm-motor power and η-efficiency. The motor effi-
ciency η can be looked up from the motor efficiency map
shown in Fig. 3. To determine the motor efficiency, we have
to use the torque-speed characteristics data from a practical
PMDC motor of 1HP power rating. The details of the motor
characteristics evaluation process had been presented in a
previously published work given in [24]. The core part of the
work involved a gear-belt mechanism to apply the necessary
torque, speed sensor to calculate the motor speed and DC-DC
converter to change the applied voltage. Accordingly the
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FIGURE 3. Motor efficiency map with the optimal operating region.

efficiency expression of the motor is calculated using a curve-
fitting tool. Finally the efficiencymap is derived with the help
of Eq. 24.

η =
Tiωi

Tiωi + Ti2Kc + ωiKf + ω3
i Kω + c

(24)

The contour efficiency values to be adopted to the proposed
TA are shown in the encircled region in Fig. 3.

C. BATTERY MODEL
In the proposed vehicle model, the lead-acid battery package
is used as the primary source. The lead-acid technology is
very useful in low-cost vehicles in terms of cost to energy
ratio. However, these batteries show relatively low cycle life
compared to other secondary batteries. Therefore efficiency
calculation and understanding of charging-discharging cycles
is very crucial. One of the well-established models for battery
charging-discharging analysis is the Shepherd model, which
is based on the electrochemical behaviour directly in terminal
voltage, open-circuit voltage, internal resistance, discharge
current and state-of-charge. The dischargemodel for the lead-
acid battery is as in [25]

Vbatt = E0 − Ri− K
Q

Q− it
(it + i∗)+ et (25)

Here Vbatt -battery voltage, E0-battery constant voltage,
R-internal resistance, K -polarization constant, Q-battery
capacity, i-battery current and i∗-low frequency current
dynamics. In this work, the battery model input is the power
demand to the drive motors and outputs are the voltage, cur-
rent and depth-of discharge (DOD) value. It is worth noting
that the DOD of a typical lead-acid battery is below 50%.

D. TIRE MODEL
A tire model describes the relationship between tire parame-
ters, tire states and tire forces which can estimate the road-tire
friction coefficient. We have adopted the Brush model [26]
because it utilizes fewer parameters than other established
methods like the Magic formula or linear tire model.

Besides that, the Brush model considers the effect of fric-
tion and non-linearity during increased slip angle. In a pure
longitudinal slip case, the tire longitudinal force FTx , can be
represented as [26]

FTx(λ,µ) = 3µFZ θxσx{1− |θxσx | +
1
3
|θxσx |

2
}; forλ ≤ λd

(26)

= µFZ sign(λ); forλ > λd (27)

Here λ-slip ratio, µ-friction coefficient and λd -slip limit.
The other parameters are defined in Eq. 28 and Eq. 29.

θx =
2Cpl2

3µFZ
(28)

σx =
λ

λ+ 1
(29)

Here, the Cp-stiffness coefficient of tire tread and l-half of
the tire contact length. Here we have considered the model
input is the power demand to the drive motors and outputs
are the longitudinal slip value of the respective wheel.

III. TORQUE ALLOCATION DESIGN
The simplified vehicle control diagram is shown in Fig. 4.
Two identical DC motors are independently mounted in
each rear wheel of the vehicle. The motors are driven
by two independent DC-DC converters having appropriate
specifications.

It is significant for an optimal TA design to analyze the
LDEV’s power consumption for various driving cycles. If the
driving torque is distributed among the motors according to
the vehicle working conditions, then the efficiency of the
vehicle is highly improved. For these conditions, the objective
function of motor power from [1] is:

minJd =
∑

Pmi =
∑ πTmiωmi

30η(Tm, ωm)
(30)

The objective function subjects to the following equality
constraints and inequality constraints:∑

Pmi = Td ;
∑

Tmi ≥ Tmfl + Tmfr ; (31)

Tmi ≤ Tmax; ωmi ≤ ωmax (32)

where Td is the torque demand, Tmax represents the motor
torque limit and ωmax is the maximum wheel speed in rpm.
Assumptions are taken to simplify the calculations and easy
real-time performance of TA. Firstly, the drive motors have
identical torque-speed characteristics. Secondly, the drive
line components of LDEVs such as motors, batteries and
control circuits are distributed so that the CG is located at
its ideal position when unloaded. Subsequently, on a typical
urban driving cycle the speed of each wheel is approximately
equal at the straight road as the longitudinal wheel slip ratio
usually maintains below 0.1 on urban road. These assump-
tions can be formulated as Eq. 33. Here p represents the
optimal torque distribution coefficient. Finally, the objective
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FIGURE 4. Vehicle control structure.

FIGURE 5. Algorithm to determine optimal torque distribution coefficient.

function of power consumption for the driving condition is
expressed by Eq. 34.

Tm1 = Tm2 = p
Td
2

(33)

minJd =
∑ πpTdωmi

60η(pTd2 , ωm)
(34)

In this study, we have used genetic algorithm for natural
selection to solve discontinuous constraint objective function.
The main advantage of the genetic algorithm is that it effec-
tively prevents the local optimization problem and acquires
the solution accurately and rapidly. The calculations are per-
formed using the global optimization toolbox in the dedi-
cated simulator. Global optimization-based control allocation
methods have been effectively used to solve the equivalent
nonlinear allocation problems [27]. The solution of the afore-
mentioned objective function is given as a two-dimensional
lookup table with the desired driving torque-speed range.
This approach avoids numerous online computations and
mitigates the requirements of real-time implementation. The
algorithm to determine the optimal torque distribution coef-
ficient is shown in Fig. 5. The schematic of the proposed TA
strategy is shown in Fig. 6. The optimal torque distribution
coefficient is obtained as the output value through look-up
table and interpolation as illustrated in Fig. 7. In this system
the speed of the drive motors at various cornering manoeu-
vres are controlled by the steering angle based electronic

FIGURE 6. Proposed TA scheme.

FIGURE 7. Optimal torque distribution coefficients.

differential as explained in [3] and [28]–[30]. It is noted that,
due to the limited scope of the presented work, the cornering
performances of the LDEV are not presented explicitly.

IV. SLIP CONTROL METHOD
The study of a dynamic vehicle’s road-tire-interaction
behaviour is essential for the development of a slip control
system. The dynamic friction coefficient is an important vari-
able for the vehicle designers to develop electronic stabil-
ity control, ABS or cruise control [31]. However, acquiring
the knowledge of road tire friction coefficient in an actual
vehicle is not very straightforward. Despite the difficulties,
researchers have proposed several innovative ideas to esti-
mate the road-tire friction coefficient. This article has adopted
a friction estimation method from work presented in [32].
The method deals with the estimation of road-tire friction
coefficient with the help of the existing friction map. Based
on the estimated friction coefficient, a reference slip ratio is
determined and then the motor torque output has been limited
by allowable torque value. A novel (µ−λ) curve based on five
existing road conditions is confirmed in this method. Then
the peak value of µ has been traced out and necessary slip
control system is developed. In this work, we have used the
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TABLE 4. Tire model parameters for various surface conditions.

FIGURE 8. Slip estimation method from known friction map.

Burckhardt model for longitudinal (µ−λ) relationship which
is given in [10] as:

µ(λ) = a1(1− e−a2λ)− a3λ (35)

λ = −
v− rω
v

(36)

The parameters a1, a2, a3 for different road surfaces are
mentioned in Table. 4. In this work, five most commonly
available road surface conditions are put forward to estimate
a workable slip value. Here the slip information λ is obtained
from the ratio of wheel speed and vehicle speed using Eq. 36.
With the use of λ, the instantaneous value of µ has been
acquired by using Eq. 35 and accordingly a series of error
values 1m,1n is determined, as depicted in Fig. 8. Then
the smallest error value has been used to formulate a new
relationship as given by:

µ(λ) =
1n

1m +1n
fm(λ)+

1m

1m +1n
fn(λ) (37)

Eq. 37 signifies the estimated (µ− λ) curve at any instan-
taneous wheel slip. Using this value, the maximum tire-road
friction coefficient can be expressed from Fig. 8 as:

µmax = f (λd ) (38)

It is worth mentioning that the point (λd , µmax) is the peak
value of the instantaneous (µ− λ) curve.
To highlight the effectiveness of the slip control method,

we have conducted a simulation for the analysis of the
Double-Lane-Changing (DLC) performance of the vehicle.
Hence, we have to rely on a few assumptions to emulate the
behaviour of the DLC experiment [33]. The assumptions of
our simulation are 1) The left wheel of the vehicle experiences

FIGURE 9. Simulation results for the validation of slip control method
during Double Lane Changing (DLC) situation.

a slippery surface after travelling from a dry surface, 2) The
right wheel is travelling on the dry surface throughout the
simulation and 3) The slip control mechanism is activated
based on the slip feedback received from lowest traction
wheel.

The simulation results are presented in Fig. 9. Here the
wheel slip ratio λ andmotor applied voltage are plotted during
a straight driving trip. In this simulation, the acceleration level
is increased gradually in a linear fashion. The left wheel of the
vehicle is then experienced a slippery surface at 13 seconds
and continues to slip upto 31 seconds which is indicated by a
rectangle shown in Fig. 9. During this time-frame, the left
wheel slip increases significantly and accordingly the slip
control system is activated. Consequently, the motor voltage
of the left wheel is decreased upto the desired level to limit the
wheel slip. At the same time, the motor voltage of the right
wheel is increased to deliver the necessary wheel torque to
balance the vehicle. Once the vehicle overcomes the slippery
surface, the TC system is deactivated and the vehicle control
system usually functions.

V. MODEL SIMULATIONS
The proposed TA is examined in a software simulation envi-
ronment with the necessary constraints for the vehicle geom-
etry. The identical DC motor characteristic parameters are
evaluated in the previous work [24]. The motor parameters
used in the simulation are listed in Table. 5. The TA algorithm
alters the motor operating region by maximizing the effi-
ciency at the desired speed torque demand via optimal torque
distribution coefficient. In practice, TA determines the motor
operating region from the motor efficiency map in a look-up
table as explained before. To highlight the effectiveness of
the TA algorithm, the conventional torque distribution (CTD)
approach is considered to evaluate the comparative analy-
sis. In conventional traction systems, the gearing mechanism
applies the same torque to both the traction wheels for all
the vehicle trajectories independent of wheel speeds [34].
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TABLE 5. Motor parameters.

FIGURE 10. Indian Urban Driving Cycle (IN-UDC).

This can essentially serve as the benchmark to assess the
performance of the real-time TA strategy [7]. The advantage
of such traction is that if one wheel stops rotating or running
freely because of slippery road conditions, the other wheel
will accelerate up to twice the reference speed. However,
this situation might create troubles for the motor windings
and hence torque limiter is obligatory. Furthermore, during
the cornering manoeuvres in a good road adhesion condition,
the inner wheel produces an oppositemoment to turn the vehi-
cle. As a consequence, the steering becomes hard and vehicle
energy losses increased subsequently. Moreover, it limits the
maximum transmissible torque when the wheel is under slip.
The works presented in [30], [35], and [36] adopted the CTD
approach to control the vehicles.

Furthermore, to address the vehicle’s overall efficiency of
the vehicle, IndianUrbanDriving Cycle (IN-UDC) is adopted
into the model simulation. The IN-UDC is shown in Fig. 10,
which involves a wide range of velocity information of Indian
urban driving conditions. The efficiency of the LDEV with
IN-UDC is examined merely by evaluating motor power
consumption and efficiency. It is essential to mention here
that, all the simulations are conducted over the level road
acceleration with minimum road grade. Out of the twelve
occupancy payload combinations (see Fig. 1(c)), only six
most widely occurred occupancy instances have been chosen
for simulation. Due to the CG shift the wheel reaction force

FIGURE 11. Motor torque using TA.

is considered to have a step change during the simulation.
In addition to that, we have assumed that the occupancy
payload combinations are changing while the simulation runs
for a particular drive cycle. Furthermore, to evaluate and
compare the performance of these two approaches mentioned
above, the following assessment criteria are introduced:

1) Traction efficiency ηtr , which is defined as the ratio
of theoretical energy consumption (Et ) to the actual
energy consumption (Ea).

ηtr =
Et
Ea
× 100% (39)

2) The percentage change of the efficiency.

%ηch =
ηhigher − ηlower

ηhigher
× 100% (40)

The simulation model validates the efficiency improve-
ments of the proposed TA method in comparison to the CTD
strategy.

VI. RESULTS AND DISCUSSIONS
Several simulations exploited the potential merits of the pro-
posed method. The torque distribution using TA method are
illustrated in Fig. 11. In this simulation, all the passengers
described above occupancy combinations (from Fig. 1(c))
are evaluated over a continuous time scale. However, in a
practical scenario, this analysis could be difficult for the
whole set of combinations at a time. The results show that
the torque allocation to each driving wheel for different
occupancy combinations are unevenly distributed. A simi-
lar analysis is carried out by adopting the CTD approach
having a similar simulation setup. The results obtained from
CTD approach are shown in Fig. 12. Unlike TA, the results
obtained from CTD method are essentially identical for both
the drive motors. That means, due to the lack of adequate
torque allocation capability,the CTD approach is less efficient
compared to that of the TA approach. The initial SOC of the
batteries is set at 80%. The motor efficiency by adopting the
TA method is presented in Fig. 13.
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FIGURE 12. Motor torque using CTD.

FIGURE 13. Motor efficiency at IN-UDC using TA.

FIGURE 14. Efficiency comparison using TA and CTD method.

It is observed that the right motor is operated in a higher
efficiency region compared to that of the left motor for the
given occupancy payload instances. Fig. 14 indicates that
the traction power efficiency is more than 10% when TA is
applied compared to CTD. The motor power consumption for
the complete driving cycle is shown independently in Fig. 15.

FIGURE 15. Traction power comparison using TA and CTD.

FIGURE 16. Difference of tire slip power dissipation between TA and CTD.

It shows that there is a significant improvement in power
reduction by the use of the TA method. Another simulation
is carried out to analyze the power dissipation due to wheel
slip. In this analysis, it is observed that there is a significant
power dissipation due to the wheel slip using CTD. This is
because the CTD allocates the torque evenly irrespective of
uneven wheel reaction force due to the occupancy variation.
Hence, the extra motor energy is dissipated in the form of
power loss due to wheel slip. Fig. 16 illustrates the differ-
ence in slip power dissipation due to CTD and TA methods.
Additionally, the traction power consumption for both the
driving wheels using TA is shown in Fig. 17. It shows that,
the power consumption varies for different occupancy com-
binations. In addition to that, the average power consumption
for a complete driving cycle is further illustrated in Fig. 18.
Finally it can be concluded that the proposed method con-
sumes less power compared to that of the conventional
method.

It can be concluded that the overall power consumption
comprises of two components: traction power and slip power.
The traction power is proportional to the motor operating
torque, speed and operating efficiency. Therefore, the trac-
tion power could be tuned by precisely tracking the motor
efficiency map at a wide range of speed-torque values.

VOLUME 9, 2021 118693



P. Barman, B. Azzopardi: Energy Efficient TA Design Emphasis on Payload

FIGURE 17. Traction power comparison for different occupancy payload
combinations using TA and CTD.

FIGURE 18. Traction power comparison for a complete driving cycle using
TA and CTD.

However, the slip power dissipation requires including more
detailed road tire interaction behaviour than that has been
discussed in this work.

VII. CONCLUSION
In this paper, an energy-efficient TAmodel has been proposed
for an LDEV having distributed drive-train configuration.
It is based on the hypothesis that the passenger occupancy
payload greatly influences the tractive effort needed to drive
each vehicle’s wheel. Therefore the TA scheme is proposed,
limiting the excessive use of the driving power and reducing
overall power dissipation. Optimal motor efficiency has been
tracked via an optimization algorithm with the help of motor
speed-torque characteristics and an efficiency map. In addi-
tion to that, a slip control method is proposed to reduce the
wheel slip and the slip power dissipation. The overall model
is established in the mathematical formulations and simu-
lated using software simulation environment. Several simula-
tions are conducted using IN-UDC. The outcome of the pro-
posed scheme demonstrates the considerable improvement of
the overall system efficiency as compared to the traditional
method. The overall simulation results evince the feasibility
and effectiveness of the proposed scheme. The model deals

with simple mathematical formulations and hence it could
be easy for real-time online implementations. There could
be several opportunities for further improvements of the pre-
sented method. The real-time on-board implementation and
validation of the proposed system will be the future direction
of our work.
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